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ABSTRACT 


Tile  purpose  nf  t-hie  report  ie  to  describe  i.i*s  idgh  altitude  clear  air 
turbulence  (HIGAT)  program  accomplishments  and  results  as  of  15  February 
1?65,  when  the  progran  was  redirected.  The  program  effort  consists  of 
the  maaSuroriieiit  of  HICAT  velocity  components  at  altitudes  above  5>0,000 
feet  in  several  world  areas.  The  program  objective  is  the  statistical 
definition  of  the  characteristics  of  HXCAT  so  as  to  improve  structural 
design  criteria. 

In  the  work  accomplished  thus  far,  an  analog  FM  instrumentation  system 
utilizing  a  fixed  vane  gust  probe  and  a  7-hour  recording  system  was 
installed  aboard  an  Air  Force  U-2.  HICAT  searches  were  conducted  at 
Air  Force  bases  in  California,  Florida  and  Puerto  Rico.  Over  seven 
hours  of  HICAT  associated  with  jet  streams,  convective  activity  due  to 
low  level  heating,  and  mountain  wave  activity  were  recorded.  The  latter 
category  provided  the  most  severe  turbulence  experienced  to  date,  i.e.,  c.g. 
normal  acceleration  incremental  peaks  up  to  about  _+  lg  and  HMS  gust  velocities 
in  excess  of  $  ft/ sec.  ” 

Actual  vertical  gust  velocity  time  histories  containing  gust  wavelengths 
from  70  to  2500  feet  have  been  calculated  from  the  measurements  and  used 
to  obtain  gust  velocity  peak  counts  and  power  spectra.  Derived  equivalent 
gust  velocities,  IL  ,  were  also  calculated  and  found  to  he  comparable  with 
similar  NA3A  data. 

The  redirected  and  extended  IHCAT  program  will  utilize  a  new  digital  (PCM) 
Instrumentation  system.  This  system  will  include  a  stable  platform  which 
will  greatly  improve  the  precision  of  HICAT  measurements  and  permit  tur¬ 
bulence  wavelengths  in  excess  of  12,000  feet  to  be  measured. 
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SECTION  I 


INTRODUCTION 


BACKGBOtTTO 

A  distinguishing  characteristic  of  advanced  flight  vehicles  19  the  Increased 
size  of  their  operating  envelope  In  terms  of  speed  and  altitude.  Optimum 
design  of  such  a  vehicle  Is  essential  and  requires  detailed  knowledge  of  the 
intended  operating  environment. 

Sometime  before  1962  the  Air  Force  recognized  the  need  for  Letter  definition 
of  the  clear  air  turbulence  environment,  particularly  for  altitudes  above 
50,000  feet  (Reference  l).  Information  available  then  was  derived  almost 
entirely  from  NASA  VGH1  recordings  acquired  during  I92  U-2  flights  In  five 
world  areas  (Reference  2).  These  flights  were  made  for  purposes  not  directly 
related  to  atmospheric  turbulence  or  the  penetration  of  turbulence .  Only 
about  half  of  the  data  from  these  flights  or  approximately  5-1/2  hours  were 
for  turbulence  sbove  50,000  feet. 

The  Air  Force  realized  the  danger  of  relying  Bolely  on  the  acceleration 
response  of  the  U-2  aircraft  as  a  measure  of  turbulence  at  high  altitudes. 

A  supersonic  or  hypersonic  vehicle  of  possibly  radical  shape,  flying  four  to 
ten  or  more  times  the  speed  of  the  U-2,  will  obviously  have  a  somewhat  differ¬ 
ent  response  to  turbulence  than  the  U-2.  An  aircraft  flying  at  these  high 
speeds  would  be  affected  much  more  by  longer  turbulence  wavelengths  and  less 
by  the  shorter  than  the  relatively  slov  flying  U-2.  For  these  reasons,  the 
Air  Force  enlisted  Lockheed's  aid  to  measure  high  altitude  clear  air  turbu¬ 
lence  (HICAT)  at  altitudes  above  50,000  feet  in  several  world  areas.  The  prin¬ 
cipal  objective  of  the  program  was  to  statistically  define  the  characteristics 
of  high  altitude  CAT  so  as  to  improve  structural  design  criteria.  To  accom¬ 
plish  this  result,  an  Air  Force  U-2  was  to  be  instrumented  so  that  true  gust 
velocity  components  encountered  along  the  aircraft  flight  path  could  Le  de¬ 
termined. 

Lockheed  was  directed  to  install  and  maintain  the  turbulence  measuring  in¬ 
strumentation  in  the  U-2  as  well  as  to  process  and  analyze  the  data.  In  this 
joint-  effort,  the  Air  Force  was  to  supply  the  instrumentation,  maintain  and 
fly  the  HICAT  aircraft,  and  provide  overall  direction'  of  the  program.  Under 
a  separate  contract  (Reference  4)  Lockheed  was  directed  to  utilize  tile  data 
gathered  in  the  flight  program  to  develop  a  statistical  model  of  high  altitude 
CAT.  The  model  would  then  provide  meteorologists  with  a  basis  for  the  pre¬ 
diction  of  atmospheric  rough  spots . 

HICAT  PROGRAM  HISTORY 


Most  of  the  aircraft  instrumentation  was  provided  off-the-shelf  from  Air  Force 
inventory  in  order  to  keep  within  the  modest  HICAT  budget.  In  many  instances 
standard  instruments  were  supplied  which  were  not  particularly  intended  for 
turbulence  research. 


Aircraft  velocity,  center-of -gravity  acceleration,  and  altitude 

1 


1 


Installation  of  the  instrumentation  was  begun  at  Edwards  PYR  on  l8  March  1963 
after  inspection  ana  preliminary  calibration.  Installation  work  was  halted 

ill.  ,Tnnfl  1  uhpn  +.h^>  o -I  wrn  fM-.  un  a  r»mH  fni*  n  VrtcrViPv  "nr* "! nr-  1 t- v  JHv  TiYvr-r, tu 

program.  The  aircraft  was  unavailable  to  the  program  almost  continuously 
until  P.6  December  1963,  In  this  period,  it  was  established  that  the  Giunnlnl 
type  gust  probe  original  ly  supplied  to  the  pi:uga.  aui  icto  a.  Douglas  prototype 
model,  and  hence  not  reparable  by  Giannini,  the  licenced  manufacturer  Thlc 
probe  (a  low  altitude  device  used  in  the  B-66B  program,  Reference  3 )  wan  In¬ 
tended  for  interim  use  only  until  s  more  sensitive  probe  could  he  purclianed. 
However,  a  new  Giannini  probe  could  not  be  built  to  meet  the  requirements  for 
high  altitude  gust  measurements  because  appropriate  .1  pb!  pressure  trans¬ 
ducers  were  unavailable. 

Consequently,  at  the  request  of  the  Air  Force,  Lockheed  designed  and  built  a 
high  altitude  gust  sensor.  The  sensor  design  was  based  upon  the  fixed  vane 
principle  (for  description,  see  page  4  )  utilized  successfully  in  a  recent 
investigation  of  tall  buffeting  turbulence  on  the  TEN  PjA  patrol  bomber. 
Fortunately,  it  was  possible  to  adapt  the  Lockheed  gust  sensors  to  the  nose 
boom  previously  fabricated  for  the  Giannini  probe. 

On  27  December  1963,  the  Mobile  Data  Systems  Van  (a  mobile  ground  station  for 
instrument  maintenance  and  calibration  and  for  rapidly  converting  flight  re¬ 
corded  magnetic  tapes  to  analog  oscillograms;  see  page  9  )  van  moved  to  EAFB. 
The  HICAT  field  team,  consisting  of  an  instrumentation  engineer  and  three 
technicians,  followed  on  30  December  and  completed  the  van  equipment  checkout 
on  site  10  January  1964. 

After  two  more  delays,  totalling  approximately  a  month  because  of  aircraft 
and  then  engine  unavailability,  the  first  HICAT  checkout  flight  was  made  on 
20  February  19 64  and  the  first  HICAT  search  on  3  April  1964.  In  the  period 
ending  15  July  1964,  18  HICAT  search  flights  were  completed,  five  from  EAFB, 
California,  four  from  Patrick  AFB,  Florida,  and  nine  from  Ramey  AFB,  Puerto 
Rico.  Approximately  six  hours  of  high  altitude  CAT  of  predominantly  light  to 
moderate  intensity*2  was  encountered  on  these  flights .  (Sec  HICAT  log,  page  88,) 
Turbulence  in  une  wavelength  range  from  60  to  2 500  feet  was  located  and  re¬ 
corded  approximately  14  percent  of  the  time  at  altitudes  above  50,000  feet. 

In  the  work  accomplished  thus  far,  the  HICAT  aircraft  had  to  be  slurred  on  a 
day-to-day  basis  with  other  higher  priority  Air  Force  programs.  This  mode  of 
operation  caused  HICAT  flights  to  be  made  during  daytime  hours  on  a  more  or 
less  scheduled  basis.  For  this  reason,  the  flights  only  occasionally  coin¬ 
cided  with  optimum  turbulence  forecasts. 

On  15  February  1965,  the  HICAT  program  was  redirected  and  extended.  HICAT 
searches  are  expected  to  be  resumed  near  the  end  of  1965  with  improved  in¬ 
strumentation  capable  of  accurately  measuring  the  very  long  turbulence  waves, 
i.e.,  those  up  to  12,000  feet  or  more  in  length.  The  new  instrumentation 
system  will  be  a  digital  (PCM)  type.  It  will  have  sufficient  capacity  to 


2  Approximately  ±  O.lg  to  ±  0.7g  in  terms  of  c.g.  acceleration 
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to  record,  up  to  12  channels  of  data  In  addition  to  those  required  for  the 
HICAT  measurements.  Thus ,  measurements  related  to  HICAT  research  such  as 
electric  field  strength,  ozone  concentration,  particle  counts  and  the  lire, 

etui  cxlttu  ue  xctuiucui 


SECTION  II 

H70AT  INSTRUMENTATION  SYSTFM 


GENERAL 


The  HTUAT  instrumentation  system  is  composed  of  three  main  elements.  The 
first,  of  course,  is  the  aircraft  and  the  airborne  instrumentation  (Figure  l). 
Basically  this  consists  of  sensitive  vertical  and  lateral  gust  sensing  vaneB 
mounted  on  the  end  of  a  long  stiff  boom  on  the  nose  of  the  aircraft  (Figures 
2  and  3).  These  vanes  detect  the  fluctuating  turbulence  velocities  by  small 
changes  in  angle -of -attack  relative  to  the  airplane.  Analog  signals  propor¬ 
tional  to  the  angle  changes  are  generated  by  the  gust  sensors  during  the 
flight  and  recorded  in  frequency  modulated  (FM)  form  on  one  inch  magnetic 
tape.  AIbo  recorded  and  used  in  the  gust  velocity  equations  t 7  correct  for 
the  *  fleets  of  aircraft  motion  are  measurements  of  airci-"ft  attitude  angles, 
angulai  rates,  and  three  axis  accelerations.  All  the  gust  measurements  are 
recorded  using  the  lowest  speed  mode  of  the  tape  recorder.  In  this  way  a 
continuous  recording  of  the  entire  flight  from  takeoff  to  landing  is  obtained. 

The  second  element  in  the  Instrumentation  scheme  is  the  Mobile  Data  Systems 
Van  which  accompanies  the  aircraft  to  all  bases  of  operation.  The  Van  pro¬ 
vides  facilities  for  instrumentation  maintenance,  calibration  and  pre-  and 
post-flight  checkout.  Perhaps  more  important,  the  Van  contains  equipment  for 
the  rapid  production  of  an  analog  oscillograph  record  (i.e.,  a  time  history) 
from  the  high  speed  playback  of  the  flight  recorded  magnetic  tape.  This 
record  is  called  the  "Quick-Look"  and  is  made  immediately  after  a  HICAT 
search  flight.  The  "Quick-Look"  record  is  examined  to  determine  the  extent 
and  intensity  of  turbulence  encountered  and  to  check  the  performance  of  the 
instrumentation  system. 

After  evaluation,  the  flight  recorded  tape  and  the  "Quick-Look"  records  are 
transmitted  to  the  third  element  in  the  HICAT  instrumentation  scheme,  the 
greund  station.  The  ground  station  converts  the  flight  recorded  magnetic 
data  tape  to  a  computer  compatible  data  tape  based  upon  editing  information 
derived  from  the  "Quick-Look"  record.  Three  significant  functions  are  per¬ 
formed  in  this  process.  The  ground  station  electronically  filters  the  data 
to  eliminate  electrical  noise  as  well  as  those  signals  at  frequencies  above 
those  of  interest,  i.e.,  greater  than  10  cps.  At  the  same  time,  the  ground 
station  reads  the  selected  portions  of  the  analog  recorded  signals  and  con¬ 
verts  them  into  calibrated  signals  in  binary  digits.  This  Information  is 
reformatted  and  recorded  on  half  inch  computer  compatible  tape  for  use  in 
the  various  HICAT  computing  programs.  / 
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FUNCTIONAL  DESCRIPTION 


Airborne  Instrumentation 

The  airborne  limbi  uii.t-ntaoion  000810^8  oaslcaliy  of  the  guat  probe  with 
associated  transducers  for  making  the  guat  'measurements,  strain  controlled 
oscillators,  and  magnetic  tape  recorder  as  shown  In  the  system  block  diagram 
In  Figure  4.  A  transducer  simulator  is  used  to  calibrate  the  performance  of 
the  strain  controlled  oscillators  and  the  time  code  generator  supplies  time 
base  reference  signals.  These  components  are  described  in  detail  below. 

HICAT  Crust  Sensor.  The  determination  of  the  gust  velocity  components  of 
atmospheric  turbulence  from  an  aircraft  flying  through  it  generally  requires 
the  measurement  of  two  quantities! 

1.  Motion  of  the  air  disturbances  or  gusts  relative  to  the  aircraft. 

2.  Motion  of  the  aircraft  with  respect  to  the  ground. 

The  first  measurement  Is  normally  accomplished  by  detecting  component  changes 
in  flow  direction,  flow  velocity,  or  flow  pressure.  The  second  is  obtained 
by  observing  the  vehicle's  motion  from  the  ground  by  optical  or  electrical 
means  or  by  recording  the  motion  with  respect  to  an  inertial  or  gravity  ref¬ 
erence  carried  aboard  the  vehicle.  Acceieromete'/s  and  gyros  wore  used  for 
this  latter  purpose  on  the  RICAT  program. 

The  measurement  of  item  1,  above  at  altitudes  of  50,000  feet  or  more  from  a 
vehicle  operating  at  high  subsonic  speeds  requires  a  sensor  designed  to 
satisfy  some  fairly  restrictive  requirements.  It  muflt  operate  at  tempera¬ 
tures  ran  'ing  from  130°F  on  the  ground  to  ~10G°F  and  atmospheric  pressures 
varying  from  1.4-7  pal  to  about  0.5  psi  at  altitude  without  significant  change 
in  its  zero  reference  or  sensitivity.  The  Instrument  must  be  able  to  accur¬ 
ately  detect  atmospheric  gusts  with  velocities  as  small  as  l/ 2  ft/sec  over  a 
frequency  mnge  from  near  zero  to  10  cps.  In  practice  this  requires  an  abil¬ 
ity  to  resolve  angular  changes  in  flow  direction  of  the  order  of  i/eo  of  a 
degree . 

The  fixed  vane  sensor  developed  by  Lockheed  meets  these  requ Irements .  The 
sensor  consists  of  a  light  weight  wedgeshaped  vane  (4-inch  span  and  2-inch 
chord)  attached  to  a  specially  constructed  strain  gaged  beam.  The  slotted 
construction  of  the  beam  allows  the  wedge  to  deflect  parallel  to  itself  under 
load.  Figure  5  shows  how  this  deflection  takes  place  without  change  of 
angle-of-incidence.  Note  that  this  would  not  be  the  case  if  the  wedge  wore 
mounted  on  a  simple  beam  as  shown  in  Figure  6.  Here  the  aerodynamic  lift 
load  bends  the  beam  and  causes  the  vane  to  rotate  changing  the  angle-of- 
incidence  by  a  small  and  unaesired  amount  (Zl  ot ). 

Hy  measuring  the  lift  load  in  terras  of  shear  instead  of  bending  moment,  con¬ 
siderations  of  moment  arm  changes  due  to  center-of-pressure  shifts  on  the 
•vane  can  be  entirely  eliminated.  Figure  5  shows  the  strain  gage  installation 
used  to  accomplish  the  measurements  of  the  vane  vertical  shear  or  lift.  The 
shear  Is  a  function  of  the  difference  in  the  bending  strains  between  the  fore 
and  aft  gage  stations.  The  Wheatstone  bridge  circuit  arrangement  of  the 
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strain  gages  produces  an  electrical  signal  directly  proportional  to  this 
difference.  At  the  name  time,  the  strain  gage  circuit  cancels  out  all  un¬ 
wanted  reaponses.  That  is,  there  is  no  electrical  response  due  to  twisting 
of  the  -vane  about  its  longitudinal  axis,  no  response  to  sideways  loading  of 
the  vane,  and  lastly  no  response  due  to  fore  and  aft  forces  on  the  vane. 

The  gust  sensor  design  is  comparatively  rugged.  It  will  withstand  airloads 
as  large  as  ±  12  lb  without  damage.  The  sensor  is  also  very  stiff.  The 
fundamental  or  natural  bending  frequency  is  155  CP3  when  the  sensor  is  mounted 
on  the  gust  probe.  This  frequency  is  so  much  greater  than  the  turbulence 
frequencies  of  interest  (approximately  0-10  cps  )  that  maximum  amplitude  dis¬ 
tortion  in  the  measurement  is  less  than  1$  for  frequencies  below  10  cp3. 

Despite  its  comparatively  stiff  and  rugged  construction,  the  gust  sensor  is 
extremely  sensitive  with  an  output  of  about  12  mv/v  per  pound  of  lift  or 
about  0.15  mv/v  for  a  1  ft/sec  vertical  or  lateral  gust  at  60,000  feet.  This 
relatively  large  output  results  from  the  use  of  semiconductor  strain  gages 
which  have  an  output  over  25  times  larger  than  the  usual  wire  or  foil  strain 
gage.  Detailed  specification  and  calibration  date  for  the  gust  sensor  are 
included  in  Appendix  I. 

The  HICAT  Gunt  Probe  consists  of  vertical  and  lateral  gust  sensors  grouped 
about  a  central  pitot-static  tube  (AF  type  MA-l),  ns  shown  in  Figure  3. 
Vertical  and  lateral  accelerometers  and  a  very  sensitive  airspeed  (pressure) 
transducer  installed  internally  Just  behind  the  gust  sensor  attach  points  com¬ 
plete  the  gust  probe  instrumentation. 

HICAT  Nobc  Boom.  The  nose  boom  ie  used  bo  support  the  gnat  probe  sufficiently 
far  ahead  uf  the  aircraft  nose  as  to  be  relatively  unaffected  by  the  aircraft 
flow  field.  Normally  it  would  be  attached  on  the  centerline  to  the  most 
forward  part  of  the  nose  of  the  aircraft.  However,  radio  gear  in  the  nose  of 
the  U-2  precluded  this  type  of  installation.  The  boom  waa  therefore  installed 
just  under  the  nose  as  shown  in  Figures  2  and  3 .  This  also  caused  the  pilot’s 
pitot  to  be  relocated  as  shown  in  Figure  3. 

The  boom  was  originally  designed  to  mount  the  Giannini  gust  probe.  For  this 
purpose,  it  was  made  of  6o6l  aluminum  alloy  tubing,  3-1/2  inches  in  diameter 
and  .188  inches  thick.  Overall  length  from  the  nose  of  the  aircraft  to  the 
gust  sensing  head  was  to  have  been  80  inches.  As  explained  on  page  2  ,  this 
gust  probe  could  not  be  made  to  satisfy  the  requirements  for  high  altitude 
gust  measurement  so  a  Lockheed-designed  sensor  was  installed. 

With  the  Lockheed  probe  installed,  overall  length  to  the  tip  of  the  pitot- 
static  head  was  77-3  inches.  The  gust  sensing  vanes  were  located  10.0  inches 
back  of  this  point  ao  shown  in  Figure  3 •  Despite  the  somewhat  greater  mass 
of  the  Lockheed  sensor,  boom  Btiffness  was  considered  adequate  without 
additional  modification.  Vertical  and  lateral  boom  bending  frequencies  were 
14.1  and  12.7  cps,  respectively,  or  about  twice  the  highest  frequency  of 
interest. 

Transducers .  A  total  of  twenty  flight  data  and  turbulence  parameters  comprise 
the  HICAT  measurement  list  shown  in  Table  I,  page  6.  A  summary  of  transducer 
specifications  is  also  included  for  each  measurement.  In  order  to  be  com- 


5 


W  •  •  H  f  I  H  iH  rj  i-l  i  )  O 

£?  II  41  41  41  41  41  41  41  41  41 


RfPS 

V)  -<  K 


II 


J-i  *)  H 
4'  M 

si  •) 


T4I  Ml  U) 

IM 


.  1  on  rn  ,4  irs  • 

V  V  o  nO  •  O 

o  o  o  •  •  - 


4  US  t  —  r4  r— I  |-  • 

_  t  CO  r-l  m  US  H 

H  VO  (u  O  O  O  O  O  O 


l/s  t—  rO 

8  3  3 


,’f 


M  M  O  fO 


»  O  O  O  O  u  us  U\  o 


41  41  tj  -I  41  41 


tfl 

c\j  m 
♦I  41 


-9 


41  41  41  O 


ITS  US  O  O  a  a 

oj  co  m>  <n  o  o 

44  4i  m  m  'vO  lo 


O1  0) 

41  4  |1.  1A  i/S  O  O  UN  Q 

IA  UN  •  O  NO  r-4  l~- 


£  )* 

w  .  4*1 


Q  * 

<  )  O  Ifv 
V-  '-o  • 

fO  <\| 


.  4  O 

a)  .-f  us 


-*  u.\  rj  cvi 

[  -  to  r  I  I/S  (\J 

/\  ,4  Ol  cr»  } 


O 

14 


*  &  8 

n  CO  O)  . 

o  m  m  t  o  m  us 


o  o  o  H 

I  l/\  UN  I/A  I 

u\  on  m  m  o 


t4  .-#•  4  i  ro  m  c\] 


V 

u  ,3 

a>  x 
.v  o 


3 

cn  co 


I  I 

"a  1 2  £  s 


os  o4 

V3  '*1 

X  X, 


o  o 

't  '4:  ’i 
§  -2  2  2 
e  n  &  n 


8 

2 


-t  -f  -t 

SHS 


5!  3  S| 


o  O  O 

U\  IA  lf\ 

C  >  O  o 


13  8 


b  e  u 

to  CO  CO 

090 


& 


f-4 

8 


<u  p 

H  n 

x. 

Pi  Pi  O  O  CJ 

9  U  U 

tc  m  co  to  00 


§  8  8  e  e 

H  P-t  Pi  Ah  pH 

p  co  m  u\  u> 

■5  ^  4->  P  O  O  f- 

3 1  j  i  j  r*  s  g  i  s 


8  8 


VS,  K  $Z 

O  CJ  CJ  O  O 


■‘ij  ■?  «i 


>  ^ 


d  d 

£  s 


8 

o 

Pm 


O 

«<  rH  .1 
<JJ  «J 
u  V 
U  rj 
<  •< 


&  3  3 


a  a 


s 

s. 


i  $  #  a  i,  g  ^ 

.  •/*  »  5  s  -j 

1  tY  t*  «i  *» 

•7  ■  •  fl  u  o 


i  K  n  i  i  o  j  i 


U  »'i  ^  ^  4* 

^  P  »-4  >  V 

td  O  b  *  #H 

>H  03  iM  >4  w 


4^/a  \o  \ 


CO  ON  O  rH  C|  m  _4  UN  NO  C—  CO  Os  O 

r4  rH  r—i  f-4  H  rH  r  I  H  i-j  rl  OJ 


/ 


a 


time  constant 


patible  with  the  strain  controlled  oscillators,  all  of  the  transducers  except 
the  altimeter3  utilize  resistance  type  strain  gages  or  variable  resistance 
tji.tr  pickups .  xne  location  of  the  transducers  end  related  measuring  equip¬ 
ment  is  shown  on  the  aircraft  planviev  in  Figure  J.  Installation  photographs 
of  ■flic  significant  items  of  aircraft  i nstru™entaticn  appear  in  Figures  3 
through  12 . 

Strain  Controlled  Os cl lie tors.  These  oscillators  use  a  resistance  bridge 
(of  which  the  transducer  is  the  main  element)  as  source  of  signal  voltage 
which  linearly  shifts  the  frequency  Of  the  osciiy  tor.  The  magnitude  and 
direction  of  the  frequency  shift  is  proportional  to  the  magnitude  and  direc¬ 
tion  of  the  resistive  unbalance  produced  by  the  transducer.  Thus  the 
measured  quantity  modulates  the  oscillator  frequency  signal  which  is  then 
recorded  on  tape . 

The  oscillators  are  G.F.E.  Bendix-Paci fic  Models  TOR-Y  of  3.956  manufacture11'. 
Pour  of  the  five  subcarrier  frequency  i  used  are  changed  slightly  from  the 
standard  IRIG  values  as  indicated  in  Table  II  below. 


TABLE  II.  SUBCARRIER  FREQUENCIES 


(1) 

(2) 

(3) 

W 

(5) 

(6) 

Band 

IRIG 

HICAT  Recording  30-7.5  HICAT  Playback 

IRIG 

33and 

(cps) 

(cpr.) 

.  (‘'pO 

..  (PP *0 

4 

96n 

829 

14,500 

14,500 

13 

5 

1300 

1257 

22,000 

22,000 

14 

6 

1700 

1714 

30,000 

30,000 

15 

7 

2300 

2286 

40,000 

4o, OOO 

16 

8 

3000 

3000 

52,000 

52,000 

17 

The  frequencies  in  column  3  are  selected  in  plac«  of  the  IRIG  standard  in 
column  2  in  order  to  permit  playback  of  the  flight  data  on  the  ground  at 
If. 5  times  the  record  speed  or  30  in/sec.  At  this  speed  the  data  appear  at 
standard  IRIG  frequencies  corresponding  to  bands  13  through  IT  as  shown  in 
the  last  three  coJ.umns  of  the  table, 
i 

The  strain  controlled  oscillators  are  installed  on  the  lower  hatch.  They 
are  Just  discernible  in  the  center  of  Figure  32- 


3  The  altimeter  transducer  is  a  vuriable  capacitance  type  device  and  comes 

;  equipped  with  its  own  oscillator.  ^ 

4  Although  replaced  in  moat  modern  FM  systems  by  the  low  level  voltage  con¬ 
st-rolled  oscillator,  the  SCO’s  performed  adequately  during  the  HICAT  tests. 
-Standard  deviation  of  center  frequency  and  change  in  sensitivity  during  a 
given  test  was  generally  less  than  2$  of  the  bandwidth. 
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Airborne  Recorder.  The  airborne  recording  is  done  with  an  Ampex  AR  200  mflg- 

flP  Mr'  +*  ft  T*r»  napnrH  a  r*  on  1 1  I  rmoH  ».» -t  +  V»  n  "1  _  ■{  r-i  rt  Vv  1  /i  _  wo  r%  Ir  nun!  ra.  #  In  r->»%  A  T>.  *•  ■»*'!  **-»-**-  — 

••»  -  -  -  - - -  —•»——*'* - **  —  -*"*  “  —  - -  —  ■  '  -c,  •*"V 

several  channels  of  data  on  each  tape  track,  only  8  track';  are  required  to 

record  all  the  IIICAT  data  including  the  various  timing  and  control  signals 
and  the  pilot, 'a  voice.  Figure  10  shows  the  recorder  installed  in  the  upper 
part  of  the  aircraft  equipment  bay. 

I 

To  accommodate  the  speed  scaling  be scribed  above  (tape  record  speed/tajx; 
playback  speed  -  l/l7.5),  the  recorder  la  modified  to  operate  at  1-5/T  in/sec 
instead  of  the  standard  1-7/8  ln/sec.  By  thia  means  a  7 -hour  flight  recording 
capability  is  obtained  with  1  mil  tape.  At  the  same  time,  the  capability  for 
rapid  playback  of  the  data  at  the  standard  tape  speed  of  30  in/sec  is  pro¬ 
vided. 

Time  Code  Generator.  The  primary  function  of  the  time  code  generator  is  to 
provide  time  base  reference  signals  for  the  recorded  data.  For  this  purpose 
two  time  codeB  are  recorded  simultaneously  with  the  test  data.  The  codes 
used  arc  IRIG  B  and  C. 

IRIG  B  provides  the  basic  time  reference  used  when  converting  the  FM  analog 
tape  to  a  digital  computer  compatible  tape.  IRIG  B  time  is  resolved  to  the 
millisecond  and  carries  year,  day,  hour,  minute,  and  second  information. 

When  ploying  back  the  data  to  make  the  "Quick-Look"  oscillograph  record,  the 
tape  speed  is  normally  increased  by  a  factor  of  17-5  ever  the  record  speed. 

At  this  speed  the  IRIG  B  code  is  too  compressed  to  be  legible  on  the  oscillo¬ 
graph  record.  Consequently,  the  slower  IRIG  C  code  furnishes  the  oscillo¬ 
graph  time  reference. 

The  time  code  generator  also  provides  two  reference  signals  to  enable  errors 
in  piayback  speed  to  be  corrected.  These  are  the  capstan  control  signal  and 
the  wow  and  flutter  or  tape  speed  compensation  signal.  Finally,  the  time  code 
generator  supplies  the  tap1  recorder  motor  drive  frequency. 

The  necessity  for  providing  these  last  three  signals  (normally  supplied  by  the 
tape  recorder  electronics)  is  the  non-standard  1-5/7  in/sec  record  speed  which 
is  in  turn  governed  by  the  17-5  to  1  speed  sealing  requirement  to  conform  to 
the  IRIG  standards  of  the  van  and  the  ground  digitizing  station. 

All  the  time  code  generator  signals  are  derived  by  means  of  flip-flop  count 
down  circuits  from  one  source,  a  750,000  cps  crystal  controlled  oscillator. 
Figure  11  shows  the  time  code  generator  installed  in  the  upper  forward  part 
of  the  aircraft  equipment  bay. 

Calibrator .  Thi  calibrator  or  transducer  simulator,  when  actuated  by  the 
pilot,  replaces  each  transducer  with  a  Wheatstone  bridge  circuit  of  fixed  re¬ 
sistance  and  then  sequentially  shunts  a  calibrate  resistor  aerose  adjacent 
legs  of  the  bridge.  In  this  way  a  stable  center  band  reference  level  signal 
and  upper  and  lower  band  edge  reference  sigrals  are  obtained.  These  calibrate 
signals  then  provide  a  direct  measure  of  the  center  frequency  drift  and  sensi¬ 
tivity  change  of  the  strain  controlled  oscillators.  . 
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Trie  HICAT  Mobile  Data  Systems  Vm.  is  a  specially  equipped  Fruehauf  trailer, 
Figure  13.  The  equipment  in  the  MDS  Van  used  during  Die  normal  playback 
function  consists  of  a  tape  reproducer,  amplifiers.  fi»rtv»»rri«>*  discriminators 
and  analog  oscillograph  recorder  (see  Figures  14  and  15 ).  Tape  njicod  correc¬ 
tions  are  provided  by  a  vow  and  flutter  compcnsat ion  system.  A  block  dl-agrum 
of  the  Mobile  Data  Syotenio  Van  is  shown  in  Figure  10.  A  detailed  dencrlptlon 
of  the  system  components  appears  below. 

Magnetic  Tape  Reproducer.  The  magnetic  tai>e  reproducer  is  n.  Consolidated 
Electrodynamics  Corporation  Model  5-752.  The  transport  can  be  operated  at 
1-7/8,  3-3/4,  7-1/2,  15,  30  and  60  inches  per  second  and  has  1-inch  heads  in¬ 
stalled.  Normal  HICAT  playback  operations  are  performed  at  30  inches  per 
Second  or  17-5  times  record  speed.  Electronics  to  play  back  8  tracks  simul¬ 
taneously  are  available  and  are  used  to  reproduce  the  6  trades  of  data,  1 
track  of  time  and  1  track  of  voice.  The  voice  'ruck  le  not  normally  readable 
due  to  the  increased  playback  speed  but  the  presence  of  voice,  activity  is 
observable . 

Amplifiers .  The  tape  reproducer  output  is  passed  through  Macintosh  Ml-30  or 
Sb-40  high  fidelity  amplifiers  to  insure  a  proper  Impedance  match  and  drive 
level  to  the  following  circuits.  The  amplifiers  art:  low  distortion,  high 
power  gain  devices  providing  30  and  40  watts  drive  capability. 

Subcarrier  Discriminators .  Twenty-four  Electromagnetic  he ho  ire h  Model  67  snb- 
carrier  discriminators  are  installed  in  the  Van  to  process  the  duta.  These 
devices  select  the  subcarrier  band  of  the  tape  track  and  convert  the  frequency 
modulated  data  to  voltage  data.  In  addition  to  channel  selection,  the  dis¬ 
criminator  controls  provide  for  adjustment  of  the  gain  (volte  per  cycle  per 
second),  zero  balance  and  zero  signal  level.  The  ritput  filter  characteris¬ 
tic  is  selectable.  For  HICAT  the  output  filters  have  a  curner  frequency  of 
about  174  cps  equivalent  to  174/ 17 . 5  or  about  10  cps  in  real  time. 

Tape  Spe^d  Compensation  System.  Two  Electromagnetic  Research  Model  96F  tape 
speed  compensation  systems  each  having  ] 2  channels  capability  provide  a 
correction  signal  for  tape  speed  wow  and  flutter.  Tills  system  eliminates 
more  than  97$  of  the  wow  and  flutter  errors  over  the  system  bandwidth  and 
thus  makes  practical  the  slow  record  speed  and  subsequent  speed  scaling. 

Recording  Oscillograph.  The  output  signal  1b  fed  to  a  Consolidated  Electro¬ 
dynamics  Corporation  Model  5-H9-P3  oscillograph  using  32  C.E.C>  7-319  galva¬ 
nometers  for  data  signals  and  4  C.E.d.  7-316  galvanometers  for  the  timing 
signals  (see  Figure  15).  The  data  galvanometers  have  an  undamped  natural 
frequency  of  585  cps  and  when  damped  are  flat  to  350  cpB.  This  latter  fre¬ 
quency  corresponds  to  about  20  cps  In  real  time  for  the  data  and  represents 
the  upper  limit  of  the  data  system  bandwidth  (i.e.,  for  all  practical  pur¬ 
poses,  signal  frequencies  higher  tlian  20  cps  are  completely  eliminated  by  the 
low  paB.i  output  filters  of  the  discriminators). 

The  oscillograph  1b  equipped  with  a  C.E.C.  Datarite  Magazine  Type  5-036  which 
develops  the  flight  record  almost  instantaneously  and  provides  the  dry  "Quick- 
Look"  oscillogram  ready  for  evaluation. 
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Accessory  Test,  Equipment.  In  addition  to  the  above  main  line  elements  of  the 
Van  data  system,  several  irtnis  of  test  equipment,  and  minor  components  are 
required  to  completi.  the  operating  system.  Patch  trap,  switching  and  control¬ 
ling  circuits  are  provided  to  route  data  and  test  sinna.ls  to  the  discrimin¬ 
ators,  establish  specific  programmed  run  p.onnec Lions ,  and  provide  for  rapid 
connection  of  test  equipment  for  trouble  shooting. 

A  rack  of  tost  equipment  including  a  counter,  an  one  i  1  loneoj*’,  u  volt¬ 
meter  and  two  oscillators  fulfill  most  of  the  Van  and  some  of  the  aircraft 
trouble  si  10  .ting  requirements. 

Portable  tout  equipment  consisting  of  a  voltameter,  two  harmonic  analyzers, 
two  frequency  counters,  and  nn  oscilloscope  complete  she  trouble  shooting 
equipment  needs  fur  the  aircraft  and  provide  the  elec  iron  lor.  to  perform  pre- 
and  pint-flight  eni  ii  rntiou  and  time  setting. 

Ground  Station 


The  FM  analog  tapes  were  processed  at  the  Edwards  Air  Force  Base  Aerospace 
Data  Systems  Branch  ground  station.  The  conversion  process  in  illustrated  in 
the  block  diagram  in  Figure  17- 

Upon  playback,  ..he  multiplexed  signals  from  the  six  dnta  tracks  were  routed 
to  discriminators  where  the  nubenrrior  signals  were  separated  and  d.c .  voltage 
g ignals  proportional  l.o  the  ouljmt  of  the  transducers  in  the  HICAT  aircraft 
were  recovered.  The  d.c.  voltage  signals  were  then  fed  into  the  analog-to- 
digital  (A/P)  converter  where  the  data  were  sampled  and  converted  to  an 
eleven  bit  binary  word  through  a  convergent  process  of  successive  comparisons 
of  the  sample  amplitude  with  precise  reference  voltages.  The  range  of  the 
eleven  bit  binary  words  in  decimal  mode  is  ±  1024  countB  providing  maximum 
resolution  of  1  part  In  2040.  Signals  from  the  time  code  track  are  also  read 
during  playback  and  serve  as  control  input  for  the  sampling  rate  of  the  A/D 
converter.  The  sampling  rate  UGed  throughout  the  program  was  40  samples  per 
second.  The  function  of  the  output  control  is  to  3erve  as  a  buffer  (temporary 
storage)  for  the  incoming  binary  data  words  and  the  decoded  time  words,  pro¬ 
vide  computer  compatible  output  formating  for  the  information  in  storage,  and 
have  capability  for  writing  this  information  on  half  inch  digital  tape. 

Calibration  of  the  sampled  data  on  the  digital  tap.'  was  performed  on  the 
IBM  7094  computer  under  the  control  of  EAFE  FM  Calibration  Program.  The 
calibrated  data  in  engineering  units  was  output  in  a  oinary  time  frame  format 
on  n  standard  'ialf  inch  digital  tape.  Each  data  frame  consists  of  the  time 
of  day  with  the  sampled  data  for  each  of  the  twenty  parameters  recorded  at 
that  time. 


SECTION  III 


DATA  ACQUISITION 


IIICAT  SEARCHES 


A  general  requirement  of  the  HICAT  data  acquisition  phase  is  tliat  turbulence 
data  be  accumulated  during  different  seasons  of  the  year  and  over  varying 
geographical  terrain.  In  the  IIICAT  progrum  to  date,  fliguts  have  been  con¬ 
ducted  from  Biwards  Air  Force  Ease,  California;  Patrick  Air  Force  Base, 
Florida;  and  Rainey  Air  Force  Base,  Puert.o  Rico.  The  flights  from  Edwards 
covered  large  portions  of  California,  Nevada  and  Arizona.  Those  from  Patrick 
passed,  over  Florida,  Georgia,  South  Carolina  and  the  Bahama  Islands.  The 
Ramey  based  flights  were  over  the  West  Indies  area  and  the  Caribbean  Sea. 


Tne  U-P  HICAT  flights  were  carried  out  by  pilots  of  the  Edwards  Air  Force 
Base  Special  Projects  Branch  of  Flight  Test  Operations  under  the  command  of 
Lt.  Col.  Harry  Andonian.  As  indicated  by  the  Flight  Log  in  Appendix  II, 

Col.  Andonian,  Capt.  R.  B.  Lowell,  and  Capt.  W.  H.  Shawier  together  made  33 
HICAT  test  flights  totaling  94.7  flight  hours.  Eighteen  of  these  flights 
were  planned  searches  for  high  CAT  and  14  of  the  ]8  resulted  in  CAT  encounters 
of  light  to  moderate  roughness.  In  addition,  high  CAT  was  penetrated  in  three 
of  the  15  incidental  flight  tests.  These  were  aircraft  check  flights,  instru¬ 
mentation  check  flights,  and  ferry  flights.  Overall,  7.4  hours  of  high  CAT 
was  recorded,  6.1  of  them  coming  from  planned  searches  based  on  CAT  forecasts. 


Track  maps  of  the  HICAT  flights  are  included  in  Appendix  II  with  the  flighting. 

■In  ideal  circumstances,  a  preparation  for  a  HICAT  search  flight  begins  a  day 
or  two  before  the  aircraft  actually  flies.  At  this  time  the  developing 
weather  trenuc  are  studied  to  determine  if  conditions  are  likely  to  be 
favorable  for  CAT  and  a  decision  is  made  as  to  whether  support  aircraft  will 
be  needed. 

HICAT  FLIGHT  nSSCRXPTION 

HICAT  support  aircraft  were  of  two  types.  A  B-kj  was  frequently  used  as  a 
low  altitude  turbulence  scout  and  to  furnish  navigational  support  to  the  U-2. 
For  overwater  flights,  a  C-5Ji  Air  Rescue  transport  patrolled  near  the  HICAT 
search  area  to  provide  immediate  aid  in  event  of  a  mishap. 

On  the  day  of  the  IIICAT  flight  (assuming  conditions  are  stf  1  favorable)  a 
flight  plan  is  prepared  and  the  pilot  briefed  on  high  CAT  conditions  and  any 
special  flight  tests  to  be  performed.  .Meanwhile,  the  aircraft  is  preflighted 
in  the  hangar.  The  instrumentation  is  checked  and  then  the  time  code  gener¬ 
ator  is  turned  on  and  the  time  set  in.  The  aircraft  is  then  towed  to  the 
takeoff  point  on  the  runway. 

The  pilot  arrives,  garbed  in  his  high  altitude  pressure  suit,  and  climbs 
aboard.  He  bas  prepared  for  the  HICAT  flight  by  breathing  pure  oxygen  for  an 
hour  or  more  prior  to  takeoff  to  eliminate  nitrogen  from  his  blood. 

The  engine  is  started  and  all  test  instrumentation  comes  on,  including  the 
tape  recorder.  The  aircraft  takes  off  and  climbs  to  above  50,0C0  feet  and 
flies  to  predicted  or  susp>ected  areas  of  turbulence.  By  monitoring  his  c.g. 


11 


accelerometer,  the  pilot  can  rendily  evaluate  the  intensity  nf  any  rough  air. 
T r  rI-tiM  flyout  (+  .  i  tr  n r*  hpH-ov\  fnr>nion/>o  |a  encountered  the  aircraft 
maneuvers  so  as  to  define  the  turbulent  a-rea.  Fairly  level  straight  runs 
are  then  made  through  the  turbulence.  When  not  in  turbulence,  control  pulses 
nit  well  as  occasional  uniuuth  syimneiu’  i.c  pitch  maneuvers  or  rollercoasters  are 
performed  to  check  the  i  ns  Lruinontutl  cn .  The  average  1IICAT  flight  lasts  about 
three  hours . 

Uiwn  returning  from  a  CAT  search,  the  aircraft  is  towed  Lo  the  hangar  for 
pos  fcfl.  Ight  instrumentation  procedures  and  cheeks.  The  pilot  i a  debriefed 
and  the  "Quick-Look"  oscillograph  record  examined  to  evaluate  the  turbulence 
penetrated  a a  well  as  for  evidence  of  instrument  malfunctions.  Maximum  and 
minimum  turbulence  accelerations  and  equivalent  derived  gust  velocities  arc 
determined  at  this  time  for  comierisou  with  the  pilot's  report. 


SECTION  IV 

DATA  PROCESSING  AND  ANALYSIS  METHODS 


GENERAL 


The  main  purpose  of  the  HICAT  data  processing  and  analyois  is  to  statistically 
define  the  essential  characteristics  of  high  altitude  clear  air  turbulence 
in  a  manner  useful  to  the  aircraft  structural  designer.  Secondarily,  the 
analysis  will  attempt  to  correlate  the  turbulence  measurements  with  signifi¬ 
cant  geophysical  and  meteorological  factors. 

The  first  step  in  processing  of  the  digitized  data  after  it  is  reformatted  is 
numerical  filtering.  This  filtering  process  further  improves  that  already 
performed  electronically  and  completely  eliminates  frequencies  greater  than 
10  cps.  Corrected  gust  velocities  are  then  computed  utilizing  the  equations 
shown  in  Appendix  II  and  plotted  in  graphical  form  along  with  the  other  flight 
parameters  (i.e.,  airspeed,  altitude,  temperature,  Mach  number,  c.g.  acceler¬ 
ation,  etc.). 

Because  of  the  apparently  random  character  of  atmospheric  turbulence,  statis¬ 
tical  methods  of  analysis  are  employed.  These  consist  primarily  of  peak 
counts  of  the  gust  velocity  time  histories  and  computations  of  gust  velocity 
power  spectra. 

PEAK  COUNTING 


This  program  counts  and  classifies  into  pre-established  positive  and  negative 
intervals  the  maxima  or  minima,  (peaks)  in  a  set  of  discrete  time  data  points 
such  as  could  be  obtained  from  a  gust  velocity  time  history.  A  peak  is  de¬ 
fined  as  the  maximum  or  minimum  value  between  two  intersections  of  a  certain 
narrow  band.  For  most  of  the  peak  counts  contained  herein,  this  band  was 
the  mean  value  of  all  the  data  plus  and  minus  .1  of  the  smallest  peak  count 
interval. 

Individual  peak  count  plots  are  obtained  by  an  accumulation  process  wherein 
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all  tlu?  positive  and  negative  peaks  within  a  velocity  or  acceleration  inter¬ 
val  a  re  first  added  together  and  then  summed  over  all  intervals  beginning 
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count  distribution  is  obtained.  By  dividing  by  the  total  number  of  miles 
in  the  turbulence  sample,  the  di:  tribution  becomes  an  estimate  of  the  fre¬ 
quency  of  equaling  or  exceeding  a  given  velocity  or  acceleration  4 eve j.  per 
mile  of  flight,  e.g.,  nee  Figures  PH  through  3;- • 


POWER  SPECTRA  ANALYSIS 


This  method  of  analysis  involves  the  mean-square  value  of  a  function  and  has 
by  electrical  analogy  come  to  be  considered  In  t< rms  of  average  power.  The 
power  spectrum  or  power  spectral  density  of  a  function  (e.g.,  n  gust  velocity 
time  history)  describes  the  maimer  in  which  the  total  average  power'  of  the 
function  (velocity  amplitude  squared/ cycles  per1  second)  1g  distributed  over 
the  frequency  range  of  interest.  In  essence  it  provides  a  statistical  meas¬ 
ure  of  the  mean  square  amplitude  of  a  measurement  for  each  of  a  number  of 
narrow  but  discrete  frequency  band?..  The  square  root  of  the  sum  of  all' these 
values  over  the  frequency  range  of  the  spectrum  gives  the  RMS  value  of  the 
spectrum  data. 

Normally,  power  spectra  from  uniform  time  series  data  are  computed  and  plotted 
as  a  function  of  cycles  per  second  or  radians  per  second.  However,  in  turbu¬ 
lence  work  it  io  desirable  to  interpret  the  cycles  per  second  in  terms  of 
wavelengths  in  feet  or  inverse  wavelength  in  cycles/foot.  Thus,  to  obtain 
the  ordinates  of  the  specti-a  i.i  cycles/foot.  requires  dividing  by  the  aircraft 
speed  in  ft/ sec .  The  average  true  airspeed  of  the  aircraft  was  the  value 
used  for  the  sjiecsra  appear  ing  in  Figures  36  through  68. 

Further  description  of  the  HICAT  data  processing  and  analysis  methods  is 
contained  in  Reference  5- 


SECTION  V 
INTERIM  RESULTS 


The  results  acquired  in  the  HICAT  program  thus  far  include  time  histories, 
peak  counts,  and  power  spectra  of  guBt  velocities  and  related  flight  param¬ 
eters.  A  summary  of  HICAT  data  processed  and  analyzed  to  date  is  presented 
In  Table  III. 

TIME  HISTORIES 

Time  histories  were  plotted  of  all  the  data  for  which  gust  velocities  and 
gust  velocity  spectra  could  be  determined.-3  For  this  purpose,  turbulence 


'  Longitudinal  gust  velocities  were  not  computed  because  of  the  frequency 
response  limits tions  of  the  pitot-tube. 
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HICAT  DATA  SUMMARY 
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KMS  Vertical  Gust  Velocities  for  Wavelengths  70  -  2500  Feet. 


test  data  were  divided  into  runs  or  samples  of  '.wo  to  four  minutes  ihrrnf : 

'Hie  run  time  histories  wore  used  primarily  to  evaluate  the  quality  of  tin 
data  after  digitizing  and  filtering  and  to  check  the  gust  velocity  and  peril, 
count  calculations .  In  general,  the:  im  uiuuiiut  ua  uh  samples  selected 
appeared  to  he  random  and  fairly  continuous  with  no  obvious  periodicity  or 
discrete  gust  peaks.  The  data  also  appeared  to  be  sensibly  stationary. 

A  two -minute  sample  lime  history  acJ.ec ted  from  a  run  3  of  test  33  Jo  shown 
in  Figures  lfi  through  23  •  The  data  plotted  include  vertical  gunt  velocity, 
c.g.  normal  acceleration,  left  wing  nodal  acceleration,  derived  cqinvuiu: 
gust  velocity  (lfde),  and  aircraft  equivalent  velocity  (Ve).  In  the  gust 
velocity  Lime  history  shown,  frequencies  less  than  .2  cps  and  greater  than 
10  cps  were  removed  by  numerical  filtering-  Removal  of  the  very  low  frequen¬ 
cies  was  required  because  of  inherent  limitations  of  the  instrumentation. 6 

PEAK  COUNTS 

Figure  2k  presents  actual  gust  velocity  peak  count  data  in  terms  of  frequency 
of  exceedance  per  mile  of  a  given  value  of  vertical  gust  velocity.  Since 
these  data  arc  the  first  of  their  kind  at  high  altitude,  no  data  are  avail¬ 
able  for  comparison  except  the  runs  shown.  Comparison  of  the  true  gust 
velocities  with  derived  equivalent  gust  velocities  (bde)  is  meaningless.  A 
true  gust  velocity  describes  an  atmospheric  condition  directly.  A  on  the 
other  hand  is  a  very  indirect  atmospheric  description  derived  from  an  air¬ 
craft's  c.g.  acceleration  experience  utilizing  simple  but  frequently  Inappli¬ 
cable  assumptions  (see  Appendix  iy) .  The  Ude  concept  has  been  utilized  in  years 
past  for  lack  af  actual  gust  velocity  data  and  the  analytical  methods  to  nBe 
them. 

Figures  25  through  33  present  frequency  of  exceedance  plots  of  Ity,  and  c.g. 
norma]  accelerations.  The  accelerations  data  have  been  included  to  give  a 
direct  measure  of  aircraft  response  as  well  as  to  indicate  approximately 
what  the  pilot  feels. 

The  HICAT  data  may  be  properly  interpreted  provided  the  following  dis¬ 
tinction  is  made.  The  HICAT  data  were  obtained  in  flights  made  for  the  ex¬ 
press  pm- pose  of  encountering  and  continuously  sampling  turbulence  above 
50,000  feet.  Consequently,  all  miles  in  the  HICAT  lT<j  plots  are  turbulent 
miles.  However,  the  only  Ud^  data  available  for  comparison  come  from  NASA 
TN  D- 5^8,  reference  2.  In  reference  2,  the  turbulence  described  was  encoun¬ 
tered  in  non-random  flights  made  for  other  purposes  than  to  collect  turbulence 
data.  Consequently,  the  cumulative  frequency  curves  of  If),  contained  therein 
are  based  upon  total  flight  miles  of  which  only  a  small  percentage  were  turbu¬ 
lent  . 

Figure  3^  presents  the  cumulative  frequency  data  from  reference  2  compared 
with  the  HICAT  data  from  test  33 .  HICAT  test  33  was  selected  for  comparison 
for  two  reasons:  (l)  measured  c.g.  accelerations,  and  hence  U<je  values,  were 
among  the  highest  recorded  to  date,  and  (2)  terrain  and  associated  "mountain 


6  Thi3  Is  not  expected  to  be  necessary  in  the  redirected 
because  approapriate . precis ion  instrumentation  will  be 


HICAT  program 
available. 
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wave"  turbulence  nr'"  believed  bo  he  very  similar  to  some  of  the  Japanese 
data  of  ref crone e  2. 

The  HICAT  data  ?hnur  a+  Hi,-  ten  n-r  T?i<rinv>  3A  nro  bniiecl  on.lv  uuon  the  lciuitii 
in  miles  of  the  total,  turbulence  sample.  Ry  including  all  the  miles  above 
50,000  feet  on  teat  33 »  nonturbu.lent  as  well,  as  turbulent,  the  curve  may  be 
shifted  down  an  shown. 

Note  tliat  the  an  two  HICAT  curves  differ  by  an  order  of  magnitude  indicating 
that  for  test  33  the  n Ire raft  was  in  turbulence  about  10$  of  the  time.  The 
dntn  at  the  bottom  of  the  figure  is  for  routine  reference  2  flights  in  which 
turbulence  was  encountered  about  2$  of  the  time.  The  difference  between  the 
10#  and  the  2#  turbulence  reflects  directly  the  type  of  missions  being  flown. 

Note  tliat  the  adjusted  HICAT  Ucp  ,  data  most  close! y  approach  the  data  from 
the  relatively  severe  turbulence  encountered  over  Japan.  Reference  2  indi¬ 
cates  tlint  two  flights,  CW-48-2  and  CW-58-4,  are  responsible  for  most  of  the 
Ude  peaks.  These  two  flights  Lnclude  abouL  9#  of  the  total  miles  flown  in 
the  Japanese  urea,  yet  they  contribute  more  than  20#  of  the  turbulence  miles. 
Most  significant  of  all,  they  contribute  90#  of  the  data  above  4  ft/sec  and 
all  the  data  above  10  ft/sec.  Ry  assuming  ns  is  very  nearly  the  case  that 
these  two  flights  comprise  nil  the  significant  turbulence  experience  over 
Japan,  the  cumulative  frequency  curve  for  the  Japanese  da  I. a  will  shift  up>- 
wardG  by  ati  order  of  magnitude.  On  this  basis,  the  data  are  comjarable  to 
the  HICAT  data  and  In  fact  are  seen  to  lie  nearly  coincident  with  them. 

Figure  35  presents  the  variation  of  Ucje  with  altitude  presently  used  in  de¬ 
sign  of  military  aircraft  (see  reference  6).  Superimposed  on  this  figure  are 
Ude  data  points  obtained  in  various  HICAT  flights.  Note  that  in  approximate¬ 
ly  24,000  miles  of  flight  in  HICAT  searches,  the  design  values  between  5°»000 
and  60,000  feet  tiave  not  been  exceeded.  Thus  far,  a  significant  margin  ex¬ 
ists  between  the  highest  recorded  U<jo  and  the  design  value  in  this  altitude 
band.  More  data  samples  will  be  required  to  piermit  further  Generalization. 

POWER  SPECTRA 


Power  spectra  of  vertical  gust  velocities  are  presented  along  with  power 
spectra  of  Vrp  A  a  and  Vip  A  ]3  in  Figures  36  through  68.  The  grouping  of 
she  spectra  is  by  ascending  test,  number. 

The  Vj  A  a  and  referred  to  above  represent,  respectively,  the 

product  cf  true  airspeed  and  incremental  anglc-of-attack  and  true  airspeed 
and  sideslip  ; ingle.  They  are  the  uncorreeted  vertical  and  lateral  gust 
velocity  components .  For  frequencies  above  those  to  which  the  aircraft 
responds  (i.e.,  about  £  cps  corresponding  to  wavelengths  of  about  1/.003  or 
330  feet)  spjectra  of  these  quantities  are  accurate  representations  of  gust 
velocity  power.  Below  the  frequency  limit  mentioned,  correction  is  required 
Tor  aircraft  translation  and  rotation. 

This  correction  could  not  be  applied  to  the  lateral  gust  measurements  and  to 
some  of  the  vertical  gust  measurements  due  to  malfunctioning  rate  and  atti¬ 
tude  gyros.  Consequently,  only  uncorrected  lateral  gust  velocity  (v>p  A  /?) 
spectra  are  shown  with  (in  most  cases)  both  corrected  and  uncorrected 
vertical  gust  velocity  spectra  included  for  corap»rison. 
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(The  power  spectra  lablea  are  somewhat  abbreviated  and  require  explanation. 

The  first  thr^e  digito  ufter  "Teat”  are  the  neon  number.  The  fourth  digit 
is  the  run  number.  The  letter  stands  for  the  field  test  site,  'E'  for 
Edwards  APB,  *P'  for  Patrick  APB,  and  'R'  for  Harney  APB.  The  "Rtnr+.  Time"  is 
the  moment  the  run  began  in  hours ,  minutes,  and  seconds  of  Greenwish  time. 
"Duration"  or  run  length  Is  in  minuteB  and  seconds.  The  "No.  Lags"  is  the 
number  of  estimates  comprising  the  spectrum.  The  "Time  Incr."  is  the  time 
between  data  samples  in  seconds.  "No.  Poin+- "  is  the  number  of  data  samples. 
"Deg.  Freedom"  is  the  number  of  degrees  oj  freedom  in  the  data  sample  and  is 
used  to  evaluate  the  statistical  reliability  of  the  spectrum. 

For  statistical  reliability  the  "Deg.  Freedom"  should  be  large,  preferably 
100  or  more.  For  100  degrees  of  freedom  one  may  say  that  four  out  of  five 
times  the  measured  spectrum  is  within  ±  18 l  of  the  "true"  long  teim  average 
spectrum.  / 

Mathematically,  the  gust  power  spectrum  is  defined  in  terms  of  a  scale  of 
turbulence,  L,  a  mean  square  gust  velocity  intensity,  and  an  exponent 

describing  the  reduction  in  gust  velocity  power  with  increasing  frequency 
(decreasing  wavelength).  The  scale  of  turbulence  is  no. mally  determined  by 
the  location  of  the  bend  in  the  low-frequency  end  of  the  spectrum.  Unfor¬ 
tunately,  the  spectrum  could  not  be  defined  accurately  below  .2S  cps  because 
of  inherent  limitations  in  the  instrumentation  system.  Consequently,  a  scale 
of  turbulence  cannot  be  specified  from  the  present  data.  However,  it  would 
appear  the  "L"  is  not  less  than  the  2500-foot  end  point  of  the  present  spectra 
since  little  if  any  bend  is  visible. 

Too  few  data  samples  are  available  to  enable  meaningful  discussion  of  root 
mean  square  gust  intensity,  cw,  except  to  indicate  that  the  RMS  values  shown 
in  the  spectra  and  in  the  data  summary  are  values  obtained  by  integration  of 
the  truncated  spectra  without  extrapolation  to  zero  frequency. 


Data  available  at  much  lower  altitudes  than  the  50,000  plus  feet  HICAT  flights 
indicate  that  the  gust  spectrum  may  have  a  constant  negative  slope  at  higher 
frequencies.  Two  commonly  used  analytical  approximations  for  the  spectral 
shapes  at  these  altitudes  are  defined  ns  follows: 


1.  Liepraann  equation: 

0(  A  ) 


of  L 
ir 


2. 


Isotropic  turbulence 


<t>{  «  ) 


equation: 
2  T 

v 


(1  +  3®  2L2) 

(i  +  82l2)2 


1  +8/3  (1.339  A  L)2 
[l  +  (1.339 QL)2]  Tt/Y6 


These  expressions  predict  high-frequency  slopes  (on  a  log-log  plot)  of  -2  and 
-5/3  respectively.  The  HICAT  oats  plotted  in  Figures  54  and.  66,  for  example, 
tend  to  follow  similar  slopes,  lying  closer  to  -5/3  than  to  -2.  The  gust  data 
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contain  a  uy^ictu-  aiiiumiu  wj.  o^aooci  cu^-n  uuav  on  a. »  - *  j  v  - '-*v~-*--- 
not  yell  defined.  More  data  are  required  before  reliable  average 
be  determined. 
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SECTION  VI 

METEOROLOGICAL  ASPECTS 


The  meteorological  aspects  of  the  HICAT  program  are  basically  threefold: 

1.  Selection  of  HICAT  sampling  sites. 

2.  Forecasting  rough  air  in  the  site  area  and  establishing  flight 
plane . 

3.  Analysis  and  interpretation  of  data. 

SAMPLING  SITE  SELECTION 

Wind  shear  is  the  most  important  source  of  energy  for  the  production  and 
grovth  of  atmospheric  perturbations  that  cause  rough  air.  *  Consequently, 
those  regions  having  particularly  high  wind  shears  such  as  the  jet  streams 
would  have  the  highest  probability  of  also  having  rough  air.  The  jet  streams 
and  the  seasons  considered  optimum  for  encountering  rough  air  are  indicated 
below: 

1.  The  mid-latitude  (30°-50°)  jet  that  flows  in  the  upper  troposphere 
and  lower  stratosphere  from  west  to  east.  This  Jet  is  strongest 
in  the  winter  and  accessible  from  Edwards  AFB,  California  and 
Patrick  AFB,  Florida,  for  example. 

2.  The  tropical  jet  that  flows  from  eaBt  to  west  in  upper  stratosphere. 
This  jet  is  accessible  in  the  summer  from  Ramey  AFB,  Puerto  Pico. 

3.  The  polar  night  jet  that  flows  from  west  to  east  over  Alaska  and 
Northern  Canada  in  the  upper  BtratoBphere .  The  bottom  of  this  jet 
would  be  accessible  from  EIel6on  AFB,  Alaska. 

Air  flow  and  heating  due  to  the  varying  characteristics  of  the  underlying 
surface  (i.e.,  ocean,  mountains,  plains,  etc.)  may  cause  perturbations  in 
the  troposphere  and  stratosphere  under  certain  conditions  of  wind  field  and 
temperature  structure.  These  perturbations  may  cause  rough  air  or  otherwise 


7  The  terms  rough  air  and  turbulence  are  often  used  intercliangeably.  How¬ 
ever,  in  this  section  rough  air  refers  to  both  the  comparatively  random 
turbulence  oscillations  as  well  as  to  the  more  regular  oscillations 
Identified  as  undulance. 
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modify  the  wind  shear  field.  They  can  be  investigated  along  with  the  Jet 
stream  phenomena  from  the  sites  indicated  or  from  other  sites  in  the  areas 
described. 

i 

The  above  cons i dernti nnn  vo»  end  continue  to  be  the  bade  for  HICAT  cite 
selection.  As  described  in  Section  III,  HICAT  flights  have  thus  far  been 
conducted  from  Edwards  AFB,  Patrick  AFB,  and  Ramey  AFB.  It  is  expected  thnt 
the  redirected  and  extended  HICAT  program  will  conduct  additional  flights 
from  these  bases  ae  well  ae  from  Alaska  and  other  untested  areas. 

FORECASTING 

forecasting  is  obviously  important  in  order  to  improve  the  efficiency  of 
locating  and  campling  the  rough  air.  The  basic  forecast  was  provided  by 
the  Strategic  Air  Command.  These  forecasts  were  based  on  a  numerical  mode] 
that  uses  wind  shear  as  the  primary  assessment  for  rough-air  occurrence  and 
intensity.  Although  this  numerical  model  was  developed  for  altitudes  below 
^5,000  feet,  it  was  the  only  method  available  at  the  start  of  the  program. 

This  rough-air  forecast  was  received  from  SAC  Headquarters  each  afternoon  at 
the  field  test  Bite,  i.e.,  Edwards  AFB,  Patrick  AFB  or  Ramey  AFB.  Ideally, 
if  the  forecast  was  favorable  for  the  occurrence  of  rough-air  within  range 
of  the  aircraft,  the  Officer  in  Charge  wan  notified  that  the  following  day 
was  favorable.  If  weather  conditions  still  appeared  favorable  on  checking 
the  weather  maps  the  following  morning,  a  recommended  flight  pattern  was 
established  and  the  pilot  briefed. 

Several  rough-air  data  gathering  patterns  were  utilized.  In  this  initial 
phase  the  basic  objective  was  to  sample  as  much  rough  air  as  possible  and  at 
the  same  time  to  cover  as  much  area  as  practical  in  order  to  verify  fore¬ 
casts.  In  some  cases  where  significant  turbulence  wbb  encountered,  a  box  or 
triangle  pattern  was  flown  at  constant  altitude  in  order  to  delineate  the 
horizontal  dimensions.  In  other  cases  where  the  rough  air  appeared  to  be 
associated  with  local  features  such  as  towering  cumulus  or  mountains,  several 
altitudes  were  sampled  in  order  to  determine  not  only  the  variation  of  rough 
air  with  altitude  but  also  the  variation  of  temperature  with  altitude. 

ANALYSIS  AND  INTERPRETATION 


The  analysis  and  interpretation  of  the  rough  air  data  is  concerned  with 
developing  physical  and  analytical  models  to  relate  the  rough  air  character¬ 
istics  to  the  meteorological  and  geophysical  conditions.  To  assist  in  the 
evaluation  of  these  relationships,  each  flight  is  plotted  on  a  large  scale 
aeronautical  chart  with  contours  to  indicate  major  topographic  features.  The 
areas  of  rough  air  and  smooth  air  are  charted  based  upon  the  pilot's  observa¬ 
tion.  These  track  maps  appear  in  Appendix  II.  The  meteorological  data  were 
provided  by  the  Air  Weather  Service.  These  data  consisted  of  the  surface 
weather  charts,  500  mb,  300  mb  and  vhere  available,  the  100  mb  upper  air 
constant  pressure  charts.  In  addition,  the  regular  upper  air  wind  and  temper¬ 
ature  data  were  provided  for  thost  stations  near  the  flight  track.  Where 
available  the  upper  air  data  used  came  from  the  IISAF  "listings"  and  from  the 
rawinsonde  records  of  Weather  Bureau  stations. 

The  "listings"  are  wind  and  temperature  data  that  are  automatically  calculated 
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and  printed  from  "balloon  runs.  The  Weather  Bureau  records  consisted  of 
form  WRAN20  fur  winds  and  the  original  radiosonde  recorder  records  for  the 
temperatures.  These  records  were  used  to  determine  the  wind  and  temperature 
profiles  in  oraer  mo  investigate  tne  small  scale  details  of  the  vertical 
atmospheric  structure. 

For  reasons  discussed  In  .Section  I,  the  "rough-air"  data  flights  frequently 
could  not  be  flown  under  meteorological  conditions  considered  conducive  to 
rough  air,  i.e,,  in  vicinity  of  strong  jet  streams,  and/or  mountain  wave 
activity.  Nevertheless,'  a  significant  amount  of  light  to  moderate  turbulence 
wap  encountered  (C  hours  in  the  searches  and  T-l/2  hours  overall).  Kxamina- 
tion  of  these  data  Indicates  that  in  the  horizontal  distribution  of  turbu¬ 
lence  at  least  three  categories  of  atmospheric  activity  are  important: 

1.  Strong  wind  shear  associated,  with  jet  streams  (teat  1.1 ). 

2.  Mountain  wave  activity  (tests  J,  8  and  33)- 

3.  low  level  heating  inclrading  convection. 

In  this  latter  category,  tests  10,  12,  17-20,  21,  28-30  occurred  above  or 
near  towering  cumulus  or  cumulonimbus  clouds  in  straight  or  anticyclonic 
flow.  Tests  26  and  27  from  Rnmey  AFB  occurred  over  convective  areas  associ¬ 
ated  with  easterly  waves  (cyclonic  flow).  On  the  other  hand,  tests  22,  2h 
and  25  occurred  well  away  from  visible  low  level  convection  yet  in  the  same 
weather  pattern. 

In  order  to  see  if  the  occurrence  of  rough  air  over  the  Caribbean  occurred 
under  preferred  conditions  of  wind  shear  and  temperature  cnange  with  height 
3x2  contingency  or  data  classification  table  was  prepared  relating  the  two. 
The  tabic  indicated  that  most  of  the  rough  air  occurrences  were  associated 
vith  near  isothermal  conditions  or  temperature  definitely  increasing  with 
height.  Less  than  5$  of  the  rough  air  occurred  with  temperature  decreasing 
more  than  1°C  per  thousand  feet  (3°C  per  1000  feet  is  the  adiabatic  lapse 
rate).  No  clear-cut  relation  of  rough  air  occurrence  with  wind  shear  was 
indicated.  Approximately  a  fourth  of  the  rough  air  occurred  with  wind  shears 
less  than  one  knot  per  thousand  feet. 

The  lack  of  relationship  between  the  wind  shear,  temperature  change  with 
height,  and  rough  air  occurrence  cannot  be  explained  at  this  time.  It  may 
simply  be,  the  result  of  attempting  too  detailed  an  analysis  with  wind  and 
temperature  observations  not  sufficiently  close  in  time  and  distance  to  the 
rough  air  location.  It  is  likely  that  some  of  the  future  HICAT  searches  will 
be  conducted  directly  over  weather  observation  stations  to  clarify  this  point. 

Additional  and  more  detailed  analysis  of  the  HICAT  data  from  the  meteorologi¬ 
cal  standpoint  is  presented  in  reference  7  in  conjunction  with  the  "High 
Altitude  Rough  Air  Model  Study" . 
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SECTION  VII 
CONCLUSIONS 


It  is  not  possible  nor  appropriate  to  present  final  conclusions  nt  this 
juncture  in  the  IilCAT  program.  The  major  portion  of  the  program  is  still 
ahead  anil  many  unknowns  remain  to  he  explored.  However,  certain  observations 
can  be  made  to  summarize  the  results  and  accomplishments  to  elate  an  follows! 

1.  A  sennitiva  high  altitude  gust  probe  lias  been  designed,  developed , 
and  combined  with  a  7-hour  FM  recording  system  to  successfully 
measure  turbulence  velocities. 

P .  High  CAT  is  relatively  easy  to  locate.  It  was  encountered  in 
lh  of  IQ  HICAT  searches  at  altitudes  of  '>0,000  feet  or  more  as 
well  as  in  3  of  the  15  incidental  flights. 

3-  High  OAT  encountered  in  the  .nnjority  of  flights  appeared  to  be 
associated  with  low  level  (tropospheric )  convective  activity 
ns  indicated  by  swelling  cumulous  and  cumulonimbus  clouds. 

k .  The  most  severe  turbulence  encountered  was  associated  with 

mountainous  terrain  and  appeared  to  he  of  the  "mountain  wave" 
type,  file  NASA  data  of  reference  2  apt'ear  to  show  a  similar 
chi  racteristlc . 

5.  The  vertical  gnat  velocity  jewr-r  spectra  thus  far  obtained 
indicate  a  scale  of  turbulence  at  altitudes  above  50,000  foot 
in  excess  of  25iOO  feet. 

6.  Derived  equivalent  gust  velocity  (l)^  )  valuer,  obtained  to  date 
are  well  within  the  design  envelope  specified  by  reference  <>. 
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Figure  1.  U-2  Aircraft  Used.  For  HICAT  Searche 
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Figure  j.  HICAT  Gust  Probe  Closeup  Showing  Vertical  and  Lateral  Gu 
Sensing  Vanes  and  Air  Force  MA-1  Pitot-Static  Tube 
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EL  CAT  Data  Acquisition  System 


LOCKHEED  GU»T  PROBE 

1)  NORMAL  AND  LATERAL  GUST  SENJIORS 

2)  NORMAL  AND  LATERAL  ACCELEROMETERS 

3)  PITOT  STATIC  TUBE  (INDICATED  AIRSPEED  ) 
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Figure  7.  Aircraft  Instrumentation  Location  Diagram 


Figure  6.  Pilot's  Total  Pressure  Head  and  Nose 


Figure  Total  Temper uture  Sensor  Installation  cn 
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Figure  lo.  Magnetic  Tape  Recorder  Installation  in  Equipment 


Figure  11,  Time  Code  Generator  Installation  in  Equipment  Bay 
(Upper  Hatch  Removed) 
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Instrumentation  Installation  on  Lower  Hatch 
oi  Equipment  Bay 


Figure  13.  Mobile  Data  Systems  Van 


Figure  15.  Van  "Quick-Look"  Oscillograph  Recorder  and  Control  Panel 
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Figure  l6.  HICAT  Data  Acquisition  System  Block  Diagram 
for  the  Mobile  Dtita  Systems  Vnn 


Figure  IT.  HICAT  Data  Acquisition  System  Dlock  Diagram 
for  the  Ground  Station 
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Figure  24.  Frequency  of  Exceedance  l'er  Mile 
Teats  28  and.  33 
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Figure  2^.  Frequency  ot'  Exceodunoe  Per  Mile  of 
llerlvt'd  Ennl  vnl  rrrfc  (Tuf;t,  Vel nri tv .  T: 


Figure  26.  Frequency  oi’  Exceedance  Per  Mi.le  ol' 

Derived  Equivalent  Gust  Velocity,  Test  ,'28 
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32.  Frequency  of  Exceedance  Per  Mile  of  Incremental 
C.G.  Normul  Acceleration,  Test  30 
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K  -  Derived  Equivalent  Quat  Velocity  ~  Ft/Seo 

Figure  35-  Comparison  of  HICAT  Derived  Equivalent  Gust 
Velocities  With  Design  Envelope 
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rencn  spectrrl  DENarn-i  ft/secj  */cycleSi,ft 


Figure  44.  Power  Spectrum  of  V  A  Test  28,  Run  2 


figure  45.  Power  Spectrum  of  Vertical  Gust  Velocity, 
Test  28,  Run  3 
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Figure  46.  Power  Spectrum  of  V^,  A  a.  Test  28,  Run  3 
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Figure  49.  Power  Spectrum  of  VT  A  a  Test  30,  Run  3 
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WEJ16E  UflVELENCTM-CYCLES/FT 


Figure  50.  Power  Spectrum  of  V  A  0  ,  Test  30,  Hun  3 


P8UER  SPECTRAL  DENSITT-I FV3EC) VCTCLEE/FT 


Figure  51*  Power  Spectrum  of  Vertical  Oust  Velocity,  Test  33,  Run  1 
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Figure  54.  Power  Spectrum  of  Vortical  Gust  Velocity,  Test  33,  Run  3 
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Figure  55.  Power  Spectrum  of  VT  A  a  }  Test  33,  Run  3 
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Figure  58-  Power  Spectrum  of  A  a  ,  Test  33 ,  Run  4 


72 


POWER  SPECTRBL  OENSHT-I  FVSECl’/CTCLES/FT 
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INVEPSF.  URVELENGTH-CtCL£S/n 


Figure  bO.  Power  Spectrum  of  Vertical  Gust  Velocity,  Test  33 #  Run  5 


Figure  61.  Power  Spectri  ji  of  A  a  ,  Test  33,  Run  5 
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Figure  64.  Power  Spectrum  of  A  <1  ,  lest  33,  Run  6 
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Figure  66.  Power  Spectrum  of  Vertical  Gust  Velocity,  Test  33,  Run  7 


SPECTRRL  0EN3ITY-I F1/3ECI  !/CYCLE3/'FT 


Figure  67.  Power  Spectrum  of  V_  A  a  ,  Test  33,  Run  7 


Boon  Tamp.  Properties  Under  Load  Conditions 
All  Loads  applied  by  dead  vt. 


APPENDIX  I 


HI CAT  GUST  SENSOR  SPECIFICATIONS  AND  CALIBRATIONS 


4.  „  ^4-  ~  *~U  ~ 

UUUVAUWW*  J)  UL'-'  U  J  V^A  w*» *- 

capabilities : 

Range : 

Sensitivity : 


±  12  lb 

11.8  MV/LB/VOLT  (DC -or  RMS  AC) 
@  78  °F . . 


Thermal  Sensitivity  Shift: 

Thermal  Zero  Shift: 


-K0015M MV/LB )/°F  @  1  volt 
or  -tl.3$/l00°F 

.025  MV/VOLT/°F  or  1.8# 
Full  Scale/lOO°F 


Test  Temperature  Range: 


-102°F  to  +130°F 


Natural  Frequency  (Undamped); 
Sen3or  Weight  Ahead  of  Gages : 
Overall  Sensor  Weight; 


170  cpa 
O.O365  lb 
0.25  lb 


The  sensor  temperature  and  load  calibration  data  are  presented  in  Figures  69 
and  70.  The  sensor  load  calibration  responses  for  various  combinations  of 
loading  are  shown  in  Table  IV,  page  86. 
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HICAT  GUST  SENSOR  LOAD  CALIBRATION  RESPONSE 
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appendix  ii 


HI  CAT  .FLIGHT  TEST  LOG 

and  trace  maps 
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HICAT  FLIGHT  TEST  LOG 
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HICAT  FLIGHT  TEST  LOG  (Coct'd. ) 
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Figure  72.  HICAT  Track  Map^  Test  8 
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Figure  76.  EICAT  Track  Map,  Test  17 


Figure  77  •  HICAT  Track  Map,  Test  l9 
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Figure  80.  EIGA.T  r.rack  Map,  Test  22 
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Figure  69.  El  CAT  Track  Map,  Test  33 


APPENDIX  III 


GUST  VELOCITY  EQUATIONS 


The  equations  for  the  deternri  tin  tier:  of  the  vertical,  lateral,  and.  longitudi¬ 
nal  gust  velocity  components  nre  given  below: 

Vertical  Gust  Velocity 


Uv  -  VT  A  a  -  VT  A  6  tn  A  aN  dt 

where  V  Aa  =  vertical  gust  velocity  relative  to  the  gust 

probe,  i .  e. ,  uncorrected  for  aircraft  rotation 
and  translation  in  the  vertical  plane 

s  2  (  A  Pa  A  arc) 

°N  a  f>VT  GV 

Lateral  Gust  Velocity 

uL  r  vIjL,  A/3  +  vT  A  +  -Jx  tn  (  A  uL  -  g  A  0  )  dt 


where  V  A  -  lateral  gust  velocity  relative  to  gust  probe, 
i.c.,  uncorrected  for  aircraft  rotation  and 


VT  A/? 


Longitudinal  Gust  Velocity 

r  t 


translation  in  the  horizontal  piano. 
2  (  A  P^  -f  m  AaL) 


%  p  Sv 


Up  =  A  VT  - 


n  (u  -  6  A  0  )  dt 
to  F 


where  AVT  =  longitudinal  gust  velocity  relative  to  gust 
probe  unconnected  for  aircraft  fore-and-aft 
incremental  velocities. 


Symbols  and  sign  convention  are  presented  in  the  preface  of  this  report. 
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APPENDIX  IV 


DERIVED  EQUIVALENT  GUST  VELOCITY  FORMULA 


The  derived  equivalent  gust  velocity  is  a  semi- empirical  relationship  defined 
as  follows: 

2  A  ®N  W 

Ude  '  CLa  po  H  Ve 

This  formula  is  populur  with  aircraft  designers  because  it  provide:  them  with 
a  simple  approximate  relationship  for  predicting  the  maximum  acceleration  a 
new  aircraft  design  may  he  expected  to  experience  based  upon  the  guot  accel¬ 
eration  experience  of  an  old  design  or  reference  airplane.  The  U<ie  equation 
is  derived  from  unsteady  lift  theory  and  may  be  applied  Gubjeet  to  the  follow¬ 
ing  assumptions: 

1.  The  uircraft  is  a  rigid  body. 

2.  The  aircraft  forward  apeed  is  constant. 

3.  The  aircraft  is  in  steady  level  flight  prior  to  gust  entry. 

4.  The  aircraft  can  rise  but  cannot  pitch. 

5.  Lift  other  than  from  the  wings  is  negligible. 

6.  The  gust  velocity  is  uniform  across  the  wing  span  and  always 
normal  to  the  longitudinal  axis  of  the  aircraft. 

7.  The  gust  profile  is  a  1-  cosine  shape. 

8.  The  transient  lift  function  is  constant  with  speed. 

9*  All  airplanes  are  of  conventional  planforra  and  have  the  Game 
general  characteristics. 

10.  Relative  loads  for  single  isolated  gusts  are  a  measure  of  those 
from  a  sequence  of  gusts. 
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vfhe"pri?^5se  of  this  report  is  to  describe  the  high  altitude  clear  sir  turbulence 
(HICAT)  program  accomplishments  and  results  «3  of  l3  February  1963,  when  the 
program  was  redirected.  The  prograin  effort  consists  of  the  measurement  ol  HICAT 
velocity  components  at  altitudes  above  5° , 000  feet,  in  sever al  world  areas .  The 
program  objective  is  tho  statistical  definition  of  the  characteristics  of  HIGAT 
so  as  to  improve  structural  design  criteria. 

In  the  work  accomplished  thus  far,  an  analog  FM  instrumentation  system  utilizing  a 
fixed  vpie  gust  probe  and  a  7-hour  reoording  system  was  installed  aboard  an  .Air  | 
Force  U-2-  HICAT  searches  were  conducted  at  Air  Force  bases  in  California,  Florida] 
and  Puerto  Rico.  Over  seven  hours  of  HICAT  associated  with  jot  streams,  convective 
activity  due  to  low  level  heating,  and  mountain  wave  aot.ivity  were  recorded^  The 
latter  category  provided  the  most  severe  turbulence  experienced  to  date,  i.e»,  c.g. 
normal  acceleration  incremental  peaks  up  to  about  lg  and  RMS  gust  velocities  In 
excess  of  3  ft/sec. 

Actual  vertical  gust  velocity  time  histories  containing  gust  wavelengths  from  'ji  to| 
2300  feet  have  been  calculated  from  the  measurements  and  used  to  obtain  gust 
velocity  peak  counts  and  power  epeotra.  Derived  equivalent  gust  velocities,  Uge, 
were  also  calculated  and  found  to  be  oomparable  with  similar  NASA  data. 

The  redirected  and  extended  HICAT  program  will  utilize  a  now  digital  (rCM)  instru¬ 
mentation  system.  This  system  will  inolude  a  stable  platform  which  will  greatly 
improve  the  precision  of  HICAT  measurements  and  permit  turbulence  wavelengths  in 
excess  of  12,000  feet  to  be  measured. 
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